Insulin-stimulated glucose transport in peripheral tissues: diabetes and the rationale for study Blood glucose homoeostasis is a process that is under very strict metabolic regulation so as to maintain the balance between glucose production by the liver and its utilization by fat and muscle (skeletal and cardiac) ensuring an adequate supply of glucose to the brain and nerve tissues. The uptake of glucose from the blood is stimulated by the action of insulin, released from p-cells in the pancreas. Insulin stimulates glucose uptake into adipocytes and muscle by virtue of the specific expression of an insulinregulatable glucose transporter, GLUT4. The translocation of this transporter from an intracellular site to the plasma membrane in insulinexposed cells is largely responsible for the 20-to 30-fold increase in glucose transport observed in these cells (for reviews see [l-31) . Since the identification of this mechanism independently by Cushman and Kono in the early 1980s, much effort has been made to understand this process with the aim of elucidating how its dysfunction may underlie the pathophysiological insulin-resistant states associated with noninsulin-dependent diabetes mellitus, obesity and hypertension. It is now well established that defective insulin-stimulated glucose transport is associated with the insulin resistance observed in such clinical conditions [4-61. It has been shown that patients with noninsulin-dependent diabetes mellitus have a normal complement of GLUT4, at least in muscle, which is the major target for insulinstimulated glucose disposal [4-61. Therefore defective translocation of the GLUT4 transporter to the cell surface in response to insulin Abbreviations used: DAB, 3,3'-diaminobenzidine; EM, electron microscopic; HRP, horseradish peroxidase; M6PR, mannose 6-phosphate receptor; SCAMP, secretory carrier-associated membrane protein; SNARE, soluble NEM-sensitive attachment proteins receptor; TfR, transferrin receptor; TGR, trans-Golgi reticulum; VAMP, vesicle-associated membrane protein. *To whom correspondence should be addressed.
or defective intracellular sorting may underlie the insulin resistance. Clearly, a greater understanding of these processes is necessary in order to develop more effective therapies for the treatment of this disease.
Insulin-stimulated glucose transport in peripheral tissues: studies of transporter movement and targeting
One of the most powerful approaches used to date has involved immunogold labelling of ultrathin sections of adipocytes and cardiac myocytes to examine the distribution of the GLUT4 protein under both basal and insulin-stimulated conditions. Such studies have revealed some important clues to the mechanistic basis of transporter translocation. Under basal or nonstimulated conditions >95% of the GLUT4 is localized to tubular vesicular elements that are clustered adjacent to either early or late endosomes, in the trans-Golgi reticulum (TGR), or in the cytoplasm often close to the plasma membrane. Exposure of the cells to insulin results in a decrease in GLUT4 by approx. 40-50% at each of these locations, suggesting that all of these compartments participate in the insulinregulated recycling of GLUT4 [7, 8] .
While such studies provided important information on the localization of GLUT4, it was not possible to define a single intracellular compartment that contained the majority of the intracellular GLUT4 protein. In addition, such approaches were limited by an inability to measure dynamic events in living cells. In an effort to address such issues, Holman developed a photoactivatable glucose analogue (ATB-BMPA). This reagent, which cannot permeate the membrane, cannot gain access to the interior of the cell and thus only labels the transporters present at the cell surface. It can therefore be used to monitor the redistribution of the protein between the intracellular and plasma-membrane pools. Using this reagent, Holman and colleagues demonstrated a 20-fold increase in GLUT4 levels at the surface of both primary rat and cultured 3T3-Ll adipocytes in response to insulin [9-111. As well as allowing the measurement of translocation, ATB-BMPA has been used in an elegant series of experiments to monitor the rate of internalization of GLUT4 molecules labelled at the plasma membrane. Using this approach, Holman et al. [12] demonstrated that GLUT4 undergoes a continuous recycling between an intracellular pool(s) and the plasma membrane, even in the continuous presence of insulin. By measuring the half-times of internalization of tracer-tagged GLUT4 from the plasma membrane in the absence and presence of insulin, rate constants for the endocytosis and exocytosis of GLUT4 were calculated, since the internalization of GLUT4 is a function of both these parameters. It was demonstrated that insulin markedly increases the rate constant for the exocytic step, but in contrast exerts only a minor change in the endocytic rate constant. The combined effect of such changes is markedly to increase GLUT4 levels at the cell surface. In contrast, in the basal state, the exocytic rate constant is small, hence the majority of the GLUT4 will reside in an intracellular compartment (s). This small exocytic rate constant has been taken to imply that specific retention sequences are present within GLUT4 which dictate its intracellular sequestration in the basal state (see below) [9-113. Mathematical modelling of GLUT4 recycling has demonstrated that a model that invokes only a single intracellular pool of GLUT4 is an oversimplification, a situation that is supported by the immunogold electron-microscopic (EM) studies outlined above. The mathematical analysis of Holman et al. [12] is consistent with the hypothesis that the majority of the GLUT4 within an adipocyte in the unstimulated state is associated with multiple intracellular compartments from which insulin stimulates GLUT4 exocytosis (translocation). This point will be further discussed below.
What is the nature of the intracellular GLUT4-containing compartment(s)?
Numerous endosomal membrane proteins, including the mannose 6-phosphate receptor (M6PR) [ 131, the transferrin receptor (TfR) [ 14, 151 , GLUTl [ 161 and the a2-macroglobulin receptor have been shown to also translocate to the plasma membrane upon insulin stimulation of adipocytes. Moreover, Tanner and Lienhard [15] showed that, at least in adipocytes, GLUT1, the TfR and the M6PR are co-localized in an intracellular vesicle population. It is now well established that these membrane proteins recycle between an intracellular pool and the plasma membrane, and that this recycling involves the endosomal system (for a review, see [17] ). Immuno-EM studies of GLUT4 in adipocytes have demonstrated that it is also located, at least in part, within the endocytic system as it undergoes constitutive recycling through clathrincoated pits [8, 18] . As outlined briefly above, it has also been established that GLUT4 constantly recycles between the plasma membrane and an intracellular site, in both the presence and absence of insulin [ 10, 191 . Such studies have been interpreted to suggest that the low rate of exocytosis of GLUT4 in the basal state may simply be a consequence of a retention signal located within GLUT4 which slows its rate of recycling through the endosomal system.
Several lines of evidence suggest that GLUT4 trafficking is not likely to be explained by such a model. First, GLUT4 is virtually excluded from the cell surface in non-stimulated cells, whereas this is not the case for other membrane proteins such as GLUTl or the TfR [20, 21] . Secondly, the externalization rate of GLUT4 is slower than that of other recycling proteins such as the TfR in adipocytes [1, 14] , and insulin causes a much larger relative increase in GLUT4 at the surface than in other endosomal proteins (reviewed in [2, 17] ). Finally, proteins known to be involved in regulated secretory pathways in other cell types such as synaptobrevin and secretory carrier-associated membrane proteins (SCAMPS) have been found in the intracellular GLUT4 vesicles in adipocytes "22,231. These results point to the existence of a unique intracellular pool of GLUT4, which may be considered to be either a subendosomal compartment or a separate entity. One of the recent aims of this laboratory was to determine the relationship between the intracellular GLUT4 compartment and the endosomal recycling pathway using a compartment ablation approach.
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Does GLUT4 reside in the recycling endosomal system?
TfRs located at the cell surface rapidly exchange with an intracellular pool of receptors which comprises 50-70% of the total receptor complement in adipocytes [ 14,151. Horseradish peroxidase-conjugated transferrin (TfHRP) binds specifically to the TfR, and its recycling characteristics are identical with those of unconjugated transferrin [24] . Incubation of intact cells or cell homogenates exposed to TfHRP with 3,3'-diaminobenzidine (DAB) and HzOz allows HRP to transfer electrons from DAB to peroxide, causing the intracellular compartments to which the conjugate has been sequestered to be crosslinked into a high-molecular-mass complex and therefore ablated and lost to immunodetection using Western blotting [ E l . This technique, termed compartment ablation analysis, has been used extensively to study trafficking of various receptors and antigen-processing events [24-281. We have adapted the use of TfHRP conjugate to achieve ablation of the recycling compartment in 3T3-Ll adipocytes. By immunoblotting fractions before and after ablation with antibodies specific for various markers, we have been able to identify an intracellular compartment of GLUT4 that appears to be distinct from the constitutive recycling pathway [29] . Using this approach, we were able to achieve quantitative ablation of the intracellular TfR pool. However, under the same conditions, only -35% of the intracellular GLUT4 was ablated. This result is consistent with the previous EM studies which also suggested that about 35% of the intracellular GLUT4 was localized to endosomal-like structures [7, 8] . Hence, in non-stimulated adipocytes as much as 35% of the intracellular GLUT4 is in the recycling compartment. This recycling apparently occurs via the clathrin-coated pit pathway, as GLUT4 labelling of cell surface clathrin-coated pits and lattices has been observed in both non-stimulated and insulinstimulated adipocytes [ 181.
A large pool of GLUT4 is not present in the recycling endosomal system -what does this pool of GLUT4 represent?
At least 60% of the intracellular GLUT4 was not ablated using the TfHRP conjugate. Since the recycling endosomal system has been effectively ablated using this procedure, this would strongly suggest that a large pool of GLUT4 resides outside the endosomal system, presumably in some kind of specialized structure from which insulin can trigger rapid exocytosis to the plasma membrane. If this is the case, then what is the nature of this compartment likely to be?
TfR is considered to be the best marker of early recycling endosomes, and so this would tend to exclude this compartment as being a candidate. This is consistent with previous EM studies [7, 8] , and is also supported by our observation that cellubrevin, the ubiquitous endosomal synaptobrevin homologue, is quantitatively ablated using this methodology [30] . This conclusion is further strengthened by our demonstration that the distribution of rab5, a member of the low-molecular-mass G-protein family, is markedly changed on sucrose gradients [29] .
One possibility that cannot be directly excluded from any of these studies is that the non-ablated GLUT4 compartment represents the TGR. Slot et al. [7, 8] assigned approximately 13% of intracellular GLUT4 to the TGR in brown adipocytes and a similar amount in cardiac muscle, so there is little doubt that GLUT4 does populate this compartment. However, it has recently been shown by vesicle immunoadsorption that TGN38, a putative TGR marker, is not found in GLUT4 vesicles isolated from 3T3-Ll adipocytes [31] . The nature of the TGR is, however, somewhat ill-defined. One possibility which is supported by both morphological studies and other data relating to GLUT4 localization is that the TGR is composed of heterogeneous compartments made up of discrete elements, some of which may be GLUT4-positive and others that may be TGN38-positive. Until this complexity has been resolved we cannot exclude the possibility of a subdomain of the TGR being a major site for intracellular GLUT4 storage. Similarly, we cannot exclude the possibility that this compartment is derived from late endosomes. This latter option does not seem likely, as other late endosomal proteins such as the M6PR do not translocate to the cell surface with insulin to the same extent as GLUT4, and furthermore we have observed complete ablation of the M6PR under conditions that result in only a -40% ablation of GLUT4 [29] . These points are under investigation in our laboratory at present.
Is GLUT4 in a specialized secretotyvesicle-like compartment?
An alternative proposal, which is supported by a growing body of evidence, is that this non-ablatable GLUT4 pool may be a specialized secretory compartment, analogous to small synaptic vesicles, and evidence is beginning to accrue to support this. For example, membrane proteins found in regulated secretory compartments in other cell types have been found in the GLUT4-containing compartment in adipocytes [17, 22, 23, 32] . Cain and co-workers [22] showed that vesicle-associated membrane protein
Volume 24 SCAMPS, proteins found in all regulated secretory carrier membranes, have also been found co-localized with GLUT4 in intracellular membranes [22, 23] . GLUT4 has also been shown to be targeted to the regulated secretory pathway in PC12 cells [34] . These data, together with our studies using TfHRP, lend support to the concept of a GLUT4-containing pool which may represent a discrete compartment with a specialized function to regulate the polypeptide composition of the plasma membrane transiently in response to insulin binding at cell surface receptors.
Targeting of GLUT4 -the story so far
GLUT4 is a member of a family of facilitative transport proteins which share extensive amino acid identity and structural homology (reviewed in [l-31). However, the expression of GLUT4 in heterologous cell systems such as oocytes, PC12 cells, HepG2 cells, CHO cells and fibroblasts has clearly demonstrated that the primary sequence of GLUT4 contains within it information that directs this protein to a predominantly intracellular location. This is in marked contrast with GLUT1, which is constitutively expressed at the cell surface, even in insulin-responsive clonal adipocytes [35] , or GLUTS, which is also expressed at the plasma membrane of adipocytes [36] . It has, however, been shown using heterologous cell systems such as those mentioned above, that insulin-stimulated translocation of GLUT4 is minimal, even when GLUT4 is coexpressed with high levels of the insulin receptor (see [17] ). The failure of GLUT4 to translocate in these cell types may be caused by the absence of the necessary proteins/factors specific only to insulin-responsive peripheral tissues.
In an attempt to identify targeting domains that direct the intracellular sequestration of GLUT4, chimaeric studies have been performed in fibroblasts, oocytes and muscle cell lines in which reciprocal domains were exchanged between GLUT4 and GLUT1. Such studies have identified functional domains in both the Nand C-termini, and also in transmembrane regions 7 and 8 (see for example . James and co-workers [38, 42] have identified a phenylalanine at position 5 in GLUT4 as a critical component of an N-terminal targeting motif (residues 2-8: PSGFQQI) that is deemed to be 'both necessary and sufficient for intracellular sequestration'. Further studies by the same group examined the role of the C-terminal region of GLUT4 in directing the intracellular sequestration of GLUT4 and found no evidence for its involvement.
In marked contrast with the above, a dileucine motif at positions 489 and 490 has been identified as a critical component of a C-terminal signal for both endocytosis and intracellular sequestration of GLUT4 when expressed in fibroblasts [40, 43] . These authors were unable to demonstrate any role for the N-terminal motif identified by James and colleagues proposed to be involved in GLUT4 targeting.
Several reasons may account for this dichotomy. First of all, most of the studies outlined above were performed in cells that do not exhibit insulin-stimulated glucose transport, and, as a result, may lack protein factors that mediate a cell-type-specific role in sorting GLUT4 to its unique compartment. Secondly, the unique GLUT4-containing compartment identified by our TfHRP approach may not be present in the cell types (fibroblasts, CHO cells) used in these studies. Finally, differences in the methodologies employed result in widely differing levels of heterologous expression in all of these studies, making direct comparison difficult.
In an effort to address these points, James and colleagues have employed a unique system to express GLUT4 in the clonal 3T3-Ll adipocyte cell line [41] . This cell line differs from those used in previous studies, as it contains endogenous GLUT4 capable of being sequestered to the plasma membrane in response to insulin. They monitored the effects of specific mutations on heterologously expressed GLUT4 by introducing an epitope tag (amino acid residues from the carboxyl region of human GLUT3 protein) into the carboxyl region of the GLUT4 protein to distinguish it from native GLUT4.
Marsh et al. [41] demonstrated that mutation of either phenylalanine at position 5 or the dileucine motif at 489-490 to alanine resulted in the impaired targeting of GLUT4 in adipocytes, and have suggested that these two motifs may have unique functional and/or mechanistic regulatory properties in adipocytes. In essence, these studies demonstrated that both the N-terminal Phe-5 and C-terminal LeuLeu-489-490 mutants accumulated at the plasma membrane and exhibited decreased intracellular levels of expression, whereas the epitope-tagged wild-type protein was indistinguishable from wild-type endogenous GLUT4 in these cells.
However, Marsh and co-workers consistently observed that the accumulation of the Phe-5 mutant at the cell surface was always greater than that of the LeuLeu mutant, regardless of its expression level, suggesting that these two motifs may function to regulate distinct sorting steps. Furthermore, it was clearly demonstrated that the impaired targeting of the LeuLeu mutant in adipocytes was dependent upon its level of expression, whereas this was not the case for the Phe-5 mutant. This dependence upon expression level may account for the failure of previous studies to detect a role for the GLUT4 C-terminus in intracellular sequestration [38, 42] . In the later study of Marsh et al. [41] the LeuLeu mutant was found to display a subcellular distribution similar to that of endogenous GLUT4 when expressed at low to moderate levels.
The precise role of the LeuLeu motif in insulin-sensitive cells is unclear. However, the efficient intracellular targeting of the dileucine mutant when expressed at low levels would tend to rule out the likelihood that the LeuLeu motif is either the sole contributor or the dominant signal in the endocytic targeting of GLUT4. Significantly, the targeting information conferred by the N-terminus must be the dominant signal, since even when expressed at very low levels the functional dileucine signal retained by the Phe-5 mutant was insufficient to direct the protein to an intracellular location.
A tentative model for GLUT4 sorting
James and colleagues have proposed a model based on their studies using epitope-tagged GLUT4 in adipocytes. They propose that the Nterminus facilitates internalization of GLUT4 and that the C-terminus regulates its intracellular sorting. This is proposed on the basis that if the N-terminus signal is disrupted, then GLUT4 will remain at the cell surface even if functional internalization signals are present elsewhere (such as the LeuLeu motif), as GLUT4 is undergoing constitutive recycling. Such a model would explain the observation that the Phe-5 mutant is always present at the cell surface, regardless of expression level. It is important to stress the point that previous studies that argue against this hypothesis have in the main been confined to CHO cells or fibroblasts.
It is important to note that the motifs identified by such studies may have more than one role to play in the sorting of this protein. Furthermore these studies do not rule out a role for one or both of these motifs in multiple targeting events. For example, studies of the M6PR have clearly shown that the cytoplasmic tail of this receptor contains an aromatic residue-based motif (YKYSKV), which regulates both internalization and intracellular Golgi sorting, and a dileucine-based motif adjacent to the aromatic motif, which regulates movement between the Golgi and late endosomal system [44] . Disruption of the aromatic-based motif abrogates endocytosis of this protein which results in the accumulation of the protein at the cell surface. Significantly though, this mutation was found to have little or no effect upon Golgi sorting [44, 45] . Mutation of the LeuLeu motif abrogates its intracellular sorting function but does not alter either the internalization or intracellular targeting of the receptor to the Golgi [44] .
The model of James and colleagues will provide a useful framework to study the consequences of mutant and chimaeric transporters, and, together with the increasingly sophisticated biochemical approaches to the study of localization, will soon further unravel the molecular details of GLUT4 trafficking.
What is the mechanism of GLUT4 translocation?
At present, it is not clear how GLUT4 moves from its intracellular location(s) to the plasma membrane. The identification of proteins known to be associated with other vesicle-fusion events as constituents of the intracellular GLUT4 vesicles (see below) has led to the proposal that translocation of these vesicles may share mechanistic homology with the fusion of (for example) synaptic vesicles with their target membranes. The soluble NEM-sensitive attachment proteins receptor (SNARE) hypothesis provides a useful framework within which to address such questions.
The SNARE hypothesis invokes two proteins, the v-(vesicle) and t-(target) SNARES, which guide the interactions of vesicles with their target membranes [33] . The specificity that is required to regulate the myriad of intracellular transport reactions is seemingly provided by different v-and t-SNARE isoforms. For instance vand t-SNARES that regulate endoplasmic reticulum to Golgi transport, intra-Golgi transport and Golgi to plasma membrane traffic (e.g. [46] ) have all been identified in yeast. VAMPIsynaptobrevin is a mammalian homologue of the yeast v-SNARES and was first identified in brain [47] , where it has a specialized function in the fusion of small synaptic vesicles with the presynaptic plasma membrane [ 321. More recently, VAMP has also been identified in adipocytes [22] . This raises the possibility that the presence of VAMP could define a specialized class of intracellular GLUT4 vesicles that are regulated in a manner similar to the small synaptic vesicles in the nerve terminal, a proposal strengthened by the recent demonstration in several laboratories that GLUT4 and VAMP-2 co-localize within adipocytes in the basal state.
It has previously been proposed that the sorting of GLUT4 into a unique compartment distinct from the recycling endosomal system is central to the unique insulin-responsiveness of this transporter isoform. By a combination of compartment ablation, vesicle adsorption and immuno-EM studies, Martin et al. [ 30,3 13 have proposed that a significant proportion of GLUT4 is co-segregated to a vesicle population which contains extensive amounts of VAMP-2. In contrast, only a small proportion of GLUT4 is found to co-localize with endosomal markers such as rab5, cellubrevin, TfR or GLUT1 [29, 30] . Thus it may be speculated that this compartment may play a fundamental role in the storage and/or translocation of GLUT4 to the cell surface in response to insulin. These workers suggest that such segregation of these markers reflects an iterative sorting process within the recycling system which serves to direct GLUT4 into a secretory-vesicle-like compartment. Martin et al. [30, 3 11 were unable to demonstrate such defined segregation in other cells engineered to express GLUT4, perhaps accounting for the inability of insulin to stimulate glucose transport in such systems.
So what is this separate intracellular GLUT4 compartment that appears to be unique to insulin-responsive cell types? VAMP-2 has been identified as one other protein constituent of this compartment which happens also to be a constituent of other regulated secretory compartments in a variety of other cell types, strongly arguing that the SNARE hypothesis may be a valid one for the movement of GLUT4 vesicles to the surface. It will therefore be of interest to interact with VAMP-2.
identify the t-SNARE within adipocytes that may 545
Summary and future directions
The application of cell biology to the issue of insulin-stimulated glucose transport has resulted in a rapidly expanding understanding of this triggered vesicle movement. The application of techniques such as immuno-EM, compartment ablation and mutagenesis should soon provide much more of the molecular details that regulate this fundamental process, and the targeting signals that regulate GLUT4 movement among its intracellular pools. 
